for a given TMD material, this variability among reports could have its origin at different material qualities as well as the high sensitivity of monolayers to the environmental conditions. Substrate roughness and impurities, as well as gas adsorbates can introduce unwanted scattering mechanisms for the charge carriers that are detrimental to device performance. Monolayers are also very sensitive to humidity and aging. Encapsulation could minimize this problem improving device performance 15, 16 . Another alternative is to fabricate devices based on few-layers crystals that have shown superior performance when compared to their monolayer counterparts [17] [18] [19] [20] . In this sense, lateral heterostructures based on bilayers of TMDs materials are expected to be a more robust system, both in terms of chemical stability and a lower susceptibility to substrate quality or environmental conditions, while maintaining the potential for low-power and flexible optoelectronics offered by monolayers. Thicker lateral heterostructures also providing a longer photon vertical path through the junction, which should increase photon absorption and hence the probability of electron-hole pairs generation. Bilayers of TMD materials also present attractive and unique physical properties associated to their distinctive crystal symmetry; for instance, robust valley polarization and valley coherence 21 , as well as the possibility of electrically tuning the valley magnetic moment 22 .
Despite the potential advantages mentioned above, there have been no reports on lateral heterostructures based on bilayer or few-layers TMDs, mostly because they represent a greater challenge from the synthesis point of view. In the present work we demonstrate the synthesis of multi-junction lateral heterostructures of bilayer TMD domains, which exhibit a significantly superior optoelectronic response when compared to monolayers.
The bilayer heterostructures were synthesized directly on a SiO2/Si substrate following our previously reported one-pot water-assisted chemical vapor deposition (CVD) approach 9 cm -1 (A1g mode) and 350 cm -1 (2LA(M)) are characteristic of WS2 23, 24 ; while, the peaks at 383 cm -1 (E2g) and 407 cm -1 (A1g) correspond to MoS2 (Fig. 1e) 25 . The composite Raman intensity map in Fig. 1f clearly shows the spatial distribution of laterally connected domains of MoS2 (407 cm -1 ) and WS2 (350 cm -1 ) bilayers (see additional maps in supplementary information Fig. S1 ).
The photoluminescence (PL) spectrum from 2L-WS2 bilayer domains (Fig. 1g) consists of one major peak located at  645 nm accompanying a minor broad peak at  720 nm. The peak at 645 nm corresponds to direct excitonic emission at the K and K' points of the Brillouin zone. Whereas the peak at 720 nm arises from indirect electronic transition. Even though the electronic bands in WS2 evolve from a direct to an indirect band gap semiconductor as the number of layers increases 26 , bilayer WS2 still displays a relatively strong direct band gap emission that dominates its PL spectrum. For the 2L-MoS2 bilayer domains (Fig. 1g ) the typical PL spectrum presents two major peaks around 680 nm and 606 nm, corresponding to the A and B excitonic transitions, respectively 27 . The PL spectrum at the WS2→MoS2 hetero-interface (Fig. 1g) consists of a superposition of PL peaks from both MoS2 and WS2 domains that are simultaneously excited by the laser probe. The absence of alloy-related peaks at intermediate energies suggests the presence of a chemically sharp WS2→MoS2 interface. The PL intensity map as well as the peak position map (in Figs. 1h and 1i , respectively) are in agreement with the Raman map in Fig. 1f, (additional maps in supplementary information Fig. S1d ). The normalized PL contour plot of a line-scan across three-junctions (Fig. 1j) better visualizes the abrupt modulation of the band gap. Notice that the transition of the PL signal for WS2→MoS2 interfaces is sharper when compared to MoS2→WS2 interfaces, the latter might present a small degree of alloying at the junction. The existence of hetero-junctions with different composition profile (sharp or smooth) is intrinsically related to the distinct kinetics of the chemical reactions of Mo-and W-based compounds during the gas switching time. We previously observed a similar trend in monolayer lateral heterostructures, for a detailed discussion on the growth mechanisms we refer the reader to our previous report in ref. 9 .
The atomic structure and the local chemical distribution near the bilayer lateral heterojunctions were studied by atomic resolution Z-contrast imaging and by Electron Energy Loss Spectroscopy (EELS) in an aberration-corrected Scanning Transmission Electron Microscope (STEM). Figure 1k shows a low magnification, high-angle annular dark field (HAADF) STEM image of a heterostructure section, the 2L-WS2 domain appears in bright contrast while the 2L-MoS2 domain is darker. An atomically-sharp bilayer lateral heterojunction is shown in Fig. 1l , where the atoms appear brighter in the WS2 domain due to the higher Z-number. The crystal structure in both domains (2L-WS2 and 2L-MoS2) display a hexagonal arrangement (Fig. 1l ) that is consistent with the 2Hc polytype 28 , space-group 6 3 / . In the 2Hc polytype each transition metal atom, in one layer, is vertically aligned with two chalcogen atoms located in the neighboring layer, and vice versa (see schematic in Fig. 1m and its corresponding intensity profile). Lower magnification Z-contrast images from a bilayer lateral heterojunction ( Similar to the sulfides, bilayer lateral heterostructures of selenium based TMDs (2L-MoSe2 -2L-WSe2) were also synthesized using the water assisted CVD method 9 . Figure 2a displays However, the intensity ratio A1g/ 2 2 (M) decreases by 76 % in bilayer MoSe2 when compared to its monolayer. Figure 2d displays the composite Raman intensity map at frequencies of 250 cm -1 (2L-WSe2) and 240 cm -1 (2L-MoSe2), the color pattern agrees with the optical contrast in Fig. 2a .
We observed a clear dependence of the PL spectra with the number of layers in both WSe2 and MoSe2 domains as shown in Fig. 2e (see also supplementary information Fig. S2 ), in agreement with previous reports [29] [30] [31] . In bilayer WSe2, the PL peak corresponding to the direct excitonic emission appears at 788 nm, which is shifted by ΔE = E1L -E2L = 8.6 meV when compared to the monolayer. The shoulder at ~811 nm is associated with the indirect bandgap optical transition. Similarly, for bilayer MoSe2, the direct and indirect band transitions are located at 827 nm and 893 nm, respectively 31 , with a direct bandgap shift of ΔE = E1L -E2L = 9 meV with respect to the monolayer. The PL signal from the bilayer domains (WSe2 and MoSe2) is rather broad and exhibits relatively strong emissions, typical of high quality materials. Composite PL intensity maps ( presumably formed due to a reduction in precursors supply at the end of the synthesis process during the sample cooling (Fig. 2h) . Atomic resolution imaging of this 2L-1L transition region (Fig. 2l) shows the distinct crystal symmetries of the 2L-WSe2 and the 1L-WSe2 domains. In contrast with the 2Hc stacking observed in the sulfide bilayers, the symmetry observed for the selenides bilayers is more consistent with a 2Hb stacking 28 , space-group 6 2, as depicted with the ball model in Fig. 2m .
In order to evaluate the optoelectronic properties of the bilayer lateral heterostructures, a particular configuration of metallic contacts have been designed to probe the electrical transport of the individual domains, as well as the transport properties across their junctions (Fig. 3a) . The bilayer heterostructure in The I-V characteristics across the junctions, shown in magnified scales in the insets of Figs. 3b and 3c, reveal the existence of a finite current under zero bias which scales with the illumination power, this photovoltaic-effect was not previously observed by us in the corresponding monolayer heterostructures 9 .
Conventional solar cells are typically vertical PN-junctions, and the photovoltaic power conversion efficiency () is calculated dividing the maximum photogenerated electrical power P = Ids x Vds by the illumination power, vertical PN-junctions cover the entire illuminated area since they are parallel, regardless the sharpness of the junction in the vertical direction. Notice that for lateral junctions, the area of the junction is considerably small compared to the total illuminated area. As shown in Fig. 1l , the lateral junctions can be atomically sharp extending by a distance of less than 1 nm at the interface between both domains, and are only two monolayers in thickness (1.2 nm). Thus, taking in to account the laser spot size of 10 m (diameter), regardless whether we consider the cross-sectional area or the in-plane area of the junction, the calculated area will be Aj  10 -2 m 2 . Therefore, a laser illumination power of 1 W would provide only 1.2710 -4 W to the junction area and the calculated efficiencies will be extremely high. To address this point, we fabricated contacts that expose distinct areas of the material surrounding the junctions, observing that the short circuit current or Isc = Ids (when Vds = 0 V) seems to scale with the illuminated area. In effect,
we estimate illuminated areas of ~ 21.6 m 2 and 10.8 m 2 between contacts 1-2 and 4-5, respectively; with
corresponding Isc values of  3 nA and 9 nA under 9 W of laser illumination power ( = 532 nm). Therefore, these areas receive effective illumination powers P = 2.48 W and 1.23 W, respectively; which can be contrasted to the extracted maxima photovoltaic electrical power Pel max = 2 nW and 0.4 nW, as indicated by the red dots in Figs. 3e and 3f, respectively. These numbers would lead to modest power conversion efficiencies  = 100 x Pel max /P  0.08 % and 0.03 %, respectively. Notice that if we use the previously estimated value of Aj to calculate  one would obtain values that are ~10 3 higher. Therefore, future work should focus in defining, unambiguously, the effective width of the junctions in lateral heterostructures as the ones studied here. However, small  can be attributed to a number of factors, like the detrimental role played by the Schottky barriers, or the relatively small probability of generating electron-hole pairs by photons traveling through quite thin layers (low optical absorption). Nevertheless, one can envision a number of strategies to improve the conversion efficiency, i.e. use of reflective back layers, metals with distinct work functions for the electrical contacts, or the addition of extra layers to increase the efficiency of these heterostructures 32 . Figures 3g and 3h indicating that there is ample room for improvement in performance.
The contacts configuration employed to study the electrical properties of lateral heterojunctions composed of MoS2 and WS2 bilayer domains is shown in Fig. 4a . Similar to the selenides, the individual domains display a p-type behavior for the WS2 and n-type for MoS2 ( Finally, the devices based on bilayer MoS2-WS2 lateral heterostructures exhibit electroluminescence (EL) at room temperature as shown in Fig. 4g . The electroluminescence signal is observed for bias voltages between 1.5 V and 2.5 V. The position of the EL peak maximum is between 1.91-1.94 eV, which is similar to the 1.92 eV direct excitonic emission in the PL spectrum of 2L-WS2 domains (Fig.1j) . Interestingly, these EL energy values are also comparable to the average energy (1.94 eV) between the most prominent peaks, excitons A and B, in the PL spectrum of the 2L-MoS2 domains (Fig.1j) . We have observed that the PL signal is considerably stronger in WS2 than MoS2, this suggests that the radiative electron-hole recombination process is more efficient in WS2 and hence that the EL signal could be generated mainly in the 2L-WS2 side of the junction. However, the EL peak is asymmetric towards lower energies, therefore a small contribution to the EL signal from electron-hole recombination (exciton A)
in the 2L-MoS2 domain cannot be ruled out. Finally, notice that 1.94 eV corresponds to photons in the visible spectra, of red color approaching orange, which makes these junctions potential candidates for developing light emitting devices.
The ability to produce bilayer lateral heterostructures of transition metal dichalcogenides, through a newly developed and relatively simple chemical vapor deposition technique, offers an additional degree of freedom to create complex 2D device architectures and geometries. We demonstrated that bilayer lateral heterostructures have a superior optoelectronic response when compared to their monolayer counterparts, for instance, displaying clear photovoltaic and room-temperature electroluminescent responses. Although, the competition between the direct and the indirect electronic transitions in bilayer TMDs is detrimental to their photoluminescence quantum efficiency, the addition of an extra layer in 2D lateral heterostructures seems to minimize the role of substrates and adsorbates that could act as additional scattering centers for the charge carriers. The latter effect appear to be dominant, leading to a remarkable enhancement in device performance. Our observations suggest a promising route to produce more robust and reliable optoelectronic components based on few-layers transition metal dichalcogenides that are less sensitive to environmental factors.
Methods
Synthesis of bilayer lateral heterostructures. All in-plane bilayer lateral heterostructures were synthesized using the one-pot CVD approach recently developed by our group that is described in detail in the reference (9) heterojunctions, thin h-BN crystals were mechanically exfoliated from larger crystals and conveniently placed on the heterostructure before depositing the contacts. The h-BN crystals were grown following the technique described in ref. (35) . The technique used to transfer the h-BN onto the heterostructure is similar to the one described by Lee et al. 34 .
Electrical characterization was performed using a sourcemeter (Keithley 2612 A). For photo-current measurements a Coherent Sapphire 532-150 CW CDRH and Thorlabs DLS146-101S were used, with a continuous wavelength λ = 532 nm. Light was transmitted to the sample through a 10 µm single-mode optical-fiber with a mode field diameter of 10 µm. The size of the laser spot was also measured against a fine grid. 
